With the advent of the Fourth Industrial Revolution, the Korean industrial environment has been rapidly changing. As a result, several industries are facing different innovation conditions, including: the automotive industry, which is a traditional manufacturing industry in Korea; the aerospace industry, which has been vertically integrated, and has been led by a single large company-Korea Aerospace Industries-since Korea went through an economic crisis in the 1990s; and the robotics industry, which is currently emerging. This study used parameters related to patents originating from the automobile, robotics, and aerospace fields. The patents subjected to analysis were those registered in Korea from 2001 to 2014, and included those that were applied for, jointly applied for, or registered by Korean companies. This study analyzed the differences caused by the effect of open innovation in the three industries. According to our results, first, the three industries experienced different effects of open innovation. Second, when large companies controlled a given industry, open innovation either worked a little or did not work at all. According to this research result, the Korean robotics industry, which has a weak dominance of large companies, experienced a strong effect of open innovation, in that joint patent applications led to economic gains from the patents and an increase in technology transfer and technology value. The aerospace industry of Korea, which has the highest dominance of large companies, experienced a slight effect of open innovation, as the effect of joint patent application only improved the technology value. Finally, the automotive industry of Korea had an intermediate level of open innovation, between the aerospace and robotics sectors.
Introduction
The Korean industrial environment is fast changing with the advent of the Fourth Industrial Revolution [1] . Three major manufacturing industries that represent Korea are the automotive industry, which is a traditional manufacturing sector in Korea; the aviation industry, which was vertically integrated and has been led by a single large company-Korea Aerospace Industries (KAI)-since
Research Hypothesis
In these situations, the differences between the three major industries in Korea may lead to different effects of open innovation. This research aims to verify the following hypotheses: (1) the three industries may experience varying effects of open innovation; and (2) when large companies control a specific industry, the effect of open innovation may be weak or disappear completely.
Research Scope and Method
First, this research targeted patents in the automobile, robotics, and aerospace industries registered in Korea from 2000 to 2014. We analyzed the number of patents, the patents jointly applied for, the owners of patent rights, technology transfer cases, and the legal disputes of each company over patents, as well as the number of sub-International Patent Classifications (IPCs) of 7 digits (7D). Through the process of patent analyses, this research measured the width and depth of corporate open innovation, the technology transfer level of companies, and the economic and technological values of corporate technologies.
This study used the patent bibliographic data, patent registration information, patent history of administrative processes, and patent trials provided by the Korea Institute of Patent Information (www.kipris.or.kr). Based on the patents registered in Korea, we targeted automobile patents (B60), robot patents (B25J), and aviation patents (B64) registered during a 15-year period, from 2000 to 2014. These are summarized in Table 1 .
As shown in Table 1 , the Korean automobile industry has much larger numbers of patent applications and registrations than the Korean robotics or aerospace industry have, much like the size of the industry itself. However, even though the size of the Korean aerospace industry is not much smaller than the robotics industry, the number of patent applicants and registrations by the robotics industry of Korea is more than double that of the aerospace industry. Based on 'the history of administrative process', we classified the technology transfer cases as exclusive license, non-exclusive license, and transfer of right, as shown in Table 2 . 
Literature Review and Research Framework

Literature Review
In the history of innovation studies, The theory of economic development [10] , and capitalism, socialism, and democracy by Schumpeter have long historical links with Chesbrough's concept of open innovation in the social dimension of the learning economy [10, 11] .
Popularized by Chesbrough [11] , open innovation refers to the simultaneous use of internal and external resources to strengthen the innovation capabilities of a firm and improve its innovation performance [12] . Diverse cooperation-collaboration among firms, universities, or research institutes-has a positive influence on innovation intensity and innovation output [13] . However, open innovation can also undermine the ability of the firm by increasing its complexity, though it may also provide the firm more flexible and creative opportunities [14, 15] .
We can use patents to create systematic measures of the intangibles that drive economic growth [16] . Patents that are publicly owned and frequently referenced are normally more valuable than others in an auction environment [17] . A firm's litigiousness-in other words, its high reputation for toughness on patent enforcement-significantly reduces spillovers by inventor mobility [18] . In the firm's formalized internal intellectual property value chain with a timing sequence of knowledge generation and loss, if firms in a high open innovation industry increase collaboration, such as engaging in outsourcing, litigation also increases due to the growth of the economic value of patents [19] .
However, such open innovation strategies, like strategic alliances, form patent pools, and substantially and significantly decrease both the quantity and quality of patents subsequently generated by licensors and licensees that exist in the linkages between market conditions for technology and economic outcomes [20, 21] .
As the industrial economy changes to a knowledge-based economy, collaboration ratios are increasing for patent applications, R&D activities, and new product developments [22, 23] . In Finland, through motivating collaborative patents, the development of a knowledge-based economy is encouraged [24] . Patents are used to measure levels of innovation. Basically, patent counts could be used as a measure of the effect of technology-for example, innovative performance in addition to R&D inputs, patent citations, and new product announcements in the linear process of R&D [25] .
Patenting figures can be used as an indicator of innovation, as a firm's propensity to patent is significantly higher in an R&D collaboration scenario. Furthermore, these figures vary across sectors, and according to firm size [26] . Patent forward citations have become an established measure for the technological and economic value of patents in empirical innovation [27] . According to an analysis of the US pharmaceutical industry, relative patent positions (RPPs) and patent citations were positively associated with the corporate market value, while the Herfindahl-Hirschman Index (HHI) of patents was negatively associated with it, and the revealed technology advantage (RTA) was not significantly related to it [28] . In addition, according to the authors, the HHI of patents and RPP had nonlinear and monotonous positive influences on corporate performance, while patent citations had a nonlinear, U-shaped influence [29] .
Meanwhile, patents are directly used in diverse studies that measure various aspects of open innovation [30, 31] . Shared intellectual property rights on patents usually occur as a result of collaboration, because shared intellectual property rights on patents occur when two or more assignees are found on a single patent application, and the intellectual property rights are indeed shared between the applicants listed in a joint patent application [32] . Joint patenting results from small innovators, information R&D collaboration, or small-sized R&D projects [33] . The number of shared joint patent applications has increased from the 1980s, and patents with multiple applicants have mostly been concentrated in highly knowledge-intensive sectors, like biotechnology, pharmacy, information technology, or medical equipment [32, 34, 35] .
One study analyzed the open innovation of cities by the average number of joint applicants of each patent, and the ratio of jointly applied patents in target cities [36] . Another study measured the breadth of open innovation through the ratio of jointly applied patents from the total patents of a firm, and the depth of open innovation by the average number of joint applicants of each patent of a firm [37] . Another study analyzed the effect of distance on open innovation and its difference among institutions, and used the ratio of patents with joint applicants and the average number of joint applicants of each patent to measure the depth and breadth of open innovation, respectively [38] . In many studies, the co-invention index has been used to examine inter-and intranational collaborations in inventive activities, and the co-assignee index was used to examine intended inter-and intranational collaborations of the commercialization of inventive activities [39] . However, when the imitation of patents, especially in manufacturing markets, do not work well, the profits from innovation may be diverted to the owners of certain complementary assets, rather than to the developers of the intellectual property [40] .
Patent diversity, which is measured by sub-IPC numbers, can be used as a predictor of regional innovativeness [41] . When multiple IPC codes exist in a single patent and those codes belong to different technology fields, we call this a case of IPC co-occurrence [42] . The distribution of main IPC codes can be used to measure intersectorial technology spillovers, such as the increase in technological value [43] .
Diversifying into a greater number of different activities using the open innovation approach has been found to generate more synergistic effects than branching into a limited number of similar activities [44] . If a firm wants to obtain significant economic returns from an innovation, business strategy-particularly, as it relates to the firm's decision to integrate and collaborate-has been shown to be an important factor.
Intersectorial technology flows can be estimated from a patent's concordance with an application [45] . The technological distance between firms, on the basis of the distribution of firms' patenting activities over technology fields, has been used as another approach to measure technology transfer, and it is based on a more explicit 'technological perspective' with patents [46] . Another work measured intersectorial technology spillovers through estimates from the European and US patent office databases [43] .
Research Framework and Hypothesis
In Korea, the aviation industry has been dominated by a single large company called KAI. In addition, most aviation companies in Korea, in terms of manufacturing and managing, have a strong hierarchy, centralized by KAI [3] . In other words, the aviation industry has the characteristics of low open innovation of type (A) in Figure 1 [2, 47, 48] .
However, the automobile industry, with various parts companies that supply complete vehicle companies in Korea and abroad, is led by three to four complete vehicle companies in accordance with the globalization of the South Korean automobile industry [49] . Thus, this type of industry has the characteristics of a loosened hierarchy and a relieved centralization with type (B) open innovation, as per Figure 1 . 
However, the automobile industry, with various parts companies that supply complete vehicle companies in Korea and abroad, is led by three to four complete vehicle companies in accordance with the globalization of the South Korean automobile industry [49] . Thus, this type of industry has the characteristics of a loosened hierarchy and a relieved centralization with type (B) open innovation, as per Figure 1 . On the other hand, the Korean robotics industry does not have the centralization system of large companies, and diverse robotics companies coming from various sectors coexist together, like the Japanese intrapreneurial regime of the service robot industry, through collaborations between new firms with established large firms [8] . The Korean robotics industry has a scattered hierarchy, showing the characteristics of open innovation of type (C) in Figure 1 , with many indirect polices by the Korean government [9] .
Based on previous studies, we set the above research analysis framework shown in Figure 1 and tested three key hypotheses. The technological value of the patents was measured by the number of 7-digit sub-IPCs according to the literature. Second, the economic value of the patent was measured indirectly by the number of patent disputes in the literature. Third, the technology transfer of the patent was measured by the number of licenses and sales of the patents, as shown in Table 2 . On the other hand, the Korean robotics industry does not have the centralization system of large companies, and diverse robotics companies coming from various sectors coexist together, like the Japanese intrapreneurial regime of the service robot industry, through collaborations between new firms with established large firms [8] . The Korean robotics industry has a scattered hierarchy, showing the characteristics of open innovation of type (C) in Figure 1 , with many indirect polices by the Korean government [9] .
Hypothesis 1 (H1). In the Korean aviation industry, which has weak characteristics of open innovation, open innovation will only have an impact on improving sub-IPCs; thus, the technical values of corporate patents will increase.
Hypothesis 2 (H2). In the Korean automobile industry, which has contingent characteristics of open innovation, open innovation will have an impact on increasing patent disputes, in addition to increasing the patent value; thus, the technical and economical values of corporate patents will be enhanced.
Hypothesis 3 (H3). The Korean robotics industry has high characteristics of open innovation; thus, open innovation will activate technology transfer, in addition to increasing the technical and economical values of corporate patents.
Based on previous studies, we set the above research analysis framework shown in Figure 1 and tested three key hypotheses. The technological value of the patents was measured by the number of 7-digit sub-IPCs according to the literature. Second, the economic value of the patent was measured indirectly by the number of patent disputes in the literature. Third, the technology transfer of the patent was measured by the number of licenses and sales of the patents, as shown in Table 2 .
Hypothesis 1 (H1).
In the Korean aviation industry, which has weak characteristics of open innovation, open innovation will only have an impact on improving sub-IPCs; thus, the technical values of corporate patents will increase.
Hypothesis 2 (H2).
In the Korean automobile industry, which has contingent characteristics of open innovation, open innovation will have an impact on increasing patent disputes, in addition to increasing the patent value; thus, the technical and economical values of corporate patents will be enhanced. 
Hypothesis 3 (H3
Analysis and Hypothesis Tests
Descriptive Analysis of Patent Statistics
The relationship between the application and registration years of patents is summarized in Figure 1 , and the patents in the robotics, automobile, and aviation sectors are described in terms of their application and registration years as shown in Figure 2 . In general, the patents in the three fields showed an increasing trend. 
Analysis and Hypothesis Tests
Descriptive Analysis of Patent Statistics
The relationship between the application and registration years of patents is summarized in Figure 1 , and the patents in the robotics, automobile, and aviation sectors are described in terms of their application and registration years as shown in Figure 2 . In general, the patents in the three fields showed an increasing trend. Table 3 describes the averages of the IOI and ROI of each industry based on the patent applicants. The IOI and ROI in the automobile sector were 1.37 and 24.11, respectively; those in the robotics industry were 1.49 and 27.25, respectively; and those in the aviation field were 1.41 and 23.18, respectively. However, the top three companies in the robotics industry accounted for 12.6% of all patents, while those in the automobile sector formed 37.6%. Even in the aviation industry, the figure was 39.1%, with a small number of patents. It was determined that the strongest vertical integration and centralization were in the aviation sector, but low vertical integration and centralization in the robotics industry. For the open innovation breadth, the averages of the top three firms were 4.57, 1.75, and 1.59 in the aviation, automobile, and robotics sectors, respectively, while the entire averages were very low at 27.25, 24.11, and 23.18, respectively. In the three industries, large companies mainly centered on closed innovation. Regarding the open innovation depth, the top three large companies had significantly low figures across the entire industry. This shows that large companies focused on closed innovation. Table 3 describes the averages of the IOI and ROI of each industry based on the patent applicants. The IOI and ROI in the automobile sector were 1.37 and 24.11, respectively; those in the robotics industry were 1.49 and 27.25, respectively; and those in the aviation field were 1.41 and 23.18, respectively. However, the top three companies in the robotics industry accounted for 12.6% of all patents, while those in the automobile sector formed 37.6%. Even in the aviation industry, the figure was 39.1%, with a small number of patents. It was determined that the strongest vertical integration and centralization were in the aviation sector, but low vertical integration and centralization in the robotics industry. For the open innovation breadth, the averages of the top three firms were 4.57, 1.75, and 1.59 in the aviation, automobile, and robotics sectors, respectively, while the entire averages were very low at 27.25, 24.11, and 23.18, respectively. In the three industries, large companies mainly centered on closed innovation. Regarding the open innovation depth, the top three large companies had significantly low figures across the entire industry. This shows that large companies focused on closed innovation. In terms of the average of all industries, the open innovation breadth and open innovation depth, and the top three companies, the robotics industry had the most active open innovation, followed by the automobile and aviation sectors.
Analysis According to the International Patent Classification
The description of patent documents is classified according to the IPC. More classification cases mean diverse technical fields. The IPC system is composed of sections, classes, subclasses, main groups, and subgroups. As of January 2014, there were 8 sections, 129 classes, 638 subclasses, 7391 main groups, and 64,046 subgroups.
If a patent is divided into a subclass, it can be classified into a different technology. If a patent is divided into two or more subclasses, it indicates that the technologies are fused. The numbers of fused automobile, robotics, and aviation technologies were 14,285, 2088, and 686, respectively, and the automotive sector had the largest number of cases. However, the technical fusion ratios were 32.4%, 53.6%, and 53.1% for the automobile, robotics, and aviation sectors, respectively, and the robot and aviation industries had more fused technologies than the automotive field (Table 4) . 
Patent Disputes
With the rapid increase in nonpracticing entities (NPEs) and the expansion of the patent business, the possibility of disputes between domestic manufacturing companies is rising. An increase in patent disputes means an increase in the economic value of the patent, according to the literature. Based on the data collected in Table 5 , there were 958 patent trials in the automotive industry, 123 in the robotics industry, and 41 in the aviation industry. The automobile industry had the largest number of patent trials. However, the ratios of patent trials to patent registration cases were 2.2%, 3.2%, and 3.2% for the automotive, robotics, and aviation sectors, respectively, and the automotive field had the lowest number of cases involving patent disputes. 
Number of Technology Transfer Cases
The transfer of all patent rights accounted for 75% or more of the technology transfer cases, followed by the partial transfer of patent rights, the transfer of all patent right shares, and exclusive licensing.
The numbers of technology transfer cases for the automobile, robotics, and aviation industries were 305, 426, and 97, respectively. The ratio of technology transfer against the number of patents was 0.7% in the automotive industry, 10.9% in the robotics sector, and 7.5% in the aviation sector, according to Table 6 . This indicates that technology transfer was not active in the automobile industry, which is based on large complete vehicle companies. In addition, technology transfer was active in the robotics sector, where each part is developed for one finished product. The Korean aviation industry has yet to mature; thus, it does not have any clear characteristics. However, technology transfers seemed to gradually increase. Table 7 shows that the (IOI × ROI) 2 (that is, the single standardized value of the open innovation breadth and open innovation width), the total number of IPCs, and the total number of technology transfers had a statistically significant correlation in the aviation industry. Table 8 shows that open innovation did not have a statistically significant impact on technology transfer in the aviation industry. Table 9 shows that open innovation did not have a statistically significant effect on the number of patent disputes, in other words, there was no change to the improvement of the economic values of patents in the aviation industry. Table 10 shows that open innovation had a statistically significant impact on the increase in the number of 7-digit IPCs in patents, in other words, the enhancement of the technical values of patents in the aviation industry was affected. According to Tables 7-10, Hypothesis 1 is accepted. Therefore, in the Korean aviation industry, open innovation only had an impact on improving the sub-IPCs, that is, there was an increase of the technical values of corporate patents. Table 11 shows the (IOI × ROI) 2 (that is, the single standardized values of the open innovation breadth and open innovation width), the total number of IPCs, and the total number of patent disputes had a statistically significant correlation in the automobile sector. Table 12 shows that open innovation had a statistically significant impact on technology transfer in the automobile industry. Table 13 shows that open innovation had a statistically significant effect on the number of patent disputes, in other words, the improvement of the economic values of patents in the automobile industry was affected. Table 14 shows that open innovation had a statistically significant impact on the increase in the number of 7-digit IPCs in patents, in other words, the enhancement of the technical values of patents in the automobile industry was affected. According to Tables 11-14, Hypothesis 2 is accepted. Therefore, in the Korean automobile industry, open innovation has an impact on increasing patent disputes, that is, the economic value of the patents increased, in addition to the increase in the technological value of the patent. Table 15 shows the (IOI × ROI) 2 (that is, the single standardized values of the open innovation breadth and open innovation width), the total number of IPCs, the total number of patent disputes, and the total number of technology transfers had a statistically significant correlation in the robotics sector. Table 16 shows that open innovation had a statistically significant impact on technology transfer in the robotics industry. Table 17 shows that open innovation had a statistically significant effect on the number of patent disputes, in other words, the improvement in the economic values of patents in the robotics industry was affected. Table 18 shows that open innovation had a statistically significant impact on the increase in the number of 7-digit IPCs in patents, in other words, the enhancement of the technical values of patents in the robotics industry was affected. 
Analysis and Hypothesis Test of Open Innovation Effects in the Aviation Industry
Analysis and Hypothesis Test of Open Innovation Effects in the Automobile Industry
Analysis and Hypothesis Test of Open Innovation Effects in the Robot Industry
Leading Companies in Major Industries of Korea Are Still Focusing on Closed Innovation
The top three firms pursued significantly low open innovation, considering the industry average. That is, the companies leading the industries promoted a closed innovation strategy. The averages of the top three companies in the robotics, automobile, and aviation sectors in terms of the open innovation breadth were 4.57, 1.75, and 1.59, respectively, which are much lower than the industry averages of 27.25, 24.11, and 23.18, respectively. The averages of their open innovation depths were 1.05, 1.02, and 1.02, respectively, which are also significantly lower than the averages of 1.49, 1.37, and 1.41, respectively. This shows that large Korean companies stressed a closed innovation strategy and went against the global open innovation trend that is being further strengthened under the Fourth Industrial Revolution as industries grow, even though the situation may be different depending on the industrial vertical integration status. Thus, it is determined that a strategy where all related companies join a patent application from the beginning and develop a technology together increases the possibility of commercializing that technology. In addition, the activation of joint patent applications through collaboration between colleges and companies during patent application and technology development has a much higher possibility of commercializing the technology than technology transfer to a company after the technology development and patent application by a college. The reason is that the collaboration between related organizations/companies and colleges/research institutes during technology development and patent application, rather than sharing complete technology or transferring patents, increases diverse market values in various aspects of the patent, resulting in a greater possibility of finally commercializing the technology. Second, this research presumed the technical value of a patent as the 7-digit sub-IPC of the patent. In the three industries, the open innovation level and the sub-IPC quantity were statistically significant. Thus, it was determined that the method is suitable as a measurement index for the technical values of patents.
Third, this study measured the economic values of patents with corporate patent dispute counts. The recognition of economic values of the patents was characterized as being fairly related to their economic reality. Through this index, it was verified that, in the Korean robotics and automobile industries that have relatively low concentrations, open innovation had a statistically significant impact on patent disputes.
Fourth, this research measured whether the effect of open innovation had a statistically significant effect on the time spent before filing a patent. Another important result of this study was from the direct analysis of the statistical relationship between the open innovation level of joint patent applications and the patent technology transfers of a company. In other words, this study directly measured that joint patent application had a statistically significant impact on corporate technology transfer in the robotics sector, which has high open innovation in joint patent applications and low industry dominance of the top three companies, whose patent ratio was around 10%.
Limitations and Future Research Agenda
This study statistically established the relations between the open innovation level of joint patent applications, technical and economic values of patents, and technology transfer. First, various situations of joint patent application of companies needed to be analyzed in depth. A follow-up study to practically analyze the characteristics of joint patent application in each industry should be conducted by analyzing the joint patent application cases of each sector.
Second, there is a need to establish the practical impact of joint patent application on the improvement of the technical and economic values of the patents by analyzing cases in depth. To identify the how joint patent applications enhance the technical and economic values of patents in different sectors, cases should be analyzed to compare those in industries.
Third, through in-depth case studies of joint patent application leading to patent transfer and commercialization, the conditions, determinants, and structures enabling this scenario should be determined. In addition, due to the variation in differentiation status and descriptions between industries in terms of the conditions, determinants, and structures, each industry needs to be compared and analyzed with respect to joint patent applications leading to patent transfer and commercialization. 
